Many patients with advanced genitourinary malignancies develop bone metastases, which can lead to potentially debilitating skeletal complications. Moreover, age-related bone loss and cancer treatments such as hormonal therapy for prostate cancer can weaken bone, placing patients at risk for osteoporotic fractures in addition to skeletal-related events (SREs) from bone metastases. Zoledronic acid, a bisphosphonate, is approved worldwide to reduce the risk of SREs in patients with bone metastases from solid tumors or bone lesions from multiple myeloma. Zoledronic acid, although underutilized in genitourinary malignancies, has long been the mainstay of treatment in patients with bone metastases, and can also help preserve bone during anticancer therapy. Recently, denosumab, a monoclonal antibody directed against the receptor activator of nuclear factor kappa-B ligand, was approved in the United States and the European Union for reducing the risk of SREs in patients with bone metastases from solid tumors. Denosumab (at a lower dose) is also approved in the European Union and the United States to treat androgen deprivation-induced bone loss in men with prostate cancer. In addition, preclinical rationale and emerging clinical data suggest that bone-modifying agents may be able to delay disease progression in genitourinary cancers, just as newly developed anticancer treatments have produced reductions in SREs, possibly by indirect effects on the disease course. This review article summarizes current data and ongoing studies to preserve bone health in patients with advanced genitourinary cancers. A prospective, randomized, placebo-controlled trial of zoledronic acid in bony metastatic bladder cancer. Int J Clin Oncol 15: 382-389.
Introduction
Genitourinary malignancies: burden of disease and challenges to bone health Prostate cancer (PC) is the most commonly diagnosed solid tumor in men (approximately 800,000 new cases diagnosed worldwide every year) [Garcia et al. 2007] , and approximately three of every four patients with PC develop bone metastases, often at first diagnosis of metastatic disease [Coleman, 2001] . Less prevalent genitourinary (GU) malignancies also have a predilection for metastasis to the skeleton: bone metastases have been reported in 20-40% of patients with stage IV renal cell carcinoma (RCC) or bladder cancer [Coleman, 2001] . Bone metastases can disrupt normal bone homeostasis (characterized by balanced and spatially coupled interactions between osteoclasts [bone resorption] and osteoblasts [bone formation] that are responsible for normal bone maintenance and repair), thereby weakening the skeleton [Coleman, 2001] . Radiographically, bone lesions from GU cancers may appear to be predominantly osteolytic, osteoblastic, or can have mixed characteristics. Nonetheless, all bone lesions are associated with elevated bone turnover levels, and such elevated osteoclast activity can release tumor-stimulating growth factors from the bone [Mundy, 2002] . The resulting vicious cycle of cancer growth and bone destruction can lead to skeletal-related events (SREs), including pathologic fractures, spinal cord compression, the need for palliative radiotherapy, surgery to bone, cementoplasty, and hypercalcemia of malignancy [Coleman, 2001] . Without bone-directed treatment, the majority of patients with advanced PC will experience an SRE during the course of their disease [Saad et al. 2004] . Moreover, in retrospective analyses of a 21-month, randomized, phase III, placebo-controlled trial in patients with bone metastases from solid tumors (excluding breast or prostate cancer) [Rosen et al. 2004] , approximately 75% of patients in the RCC subset who did not receive bisphosphonate (BP) therapy developed an SRE [Saad and Lipton, 2005] .
Even before the development of bone metastases, bone health may be compromised in patients with GU cancers because of age-related osteoporosis and the detrimental effects of anticancer therapies on bone mineral density (BMD). This is most evident in the PC setting, wherein surgical or hormonal castration (androgen-deprivation therapy [ADT] ) to lower testosterone levels is common in patients who have high-risk disease, or whose prostate-specific antigen levels remain elevated or continue to increase after primary locoregional treatment [Aus et al. 2005; Heidenreich et al. 2009 ]. Because ADT is associated with rapid bone loss, it places patients at a greatly increased risk for fractures [Mittan et al. 2002; National Comprehensive Cancer Network, 2009; Preston et al. 2002; Smith, 2006] . Indeed, because PC is especially prevalent among elderly men, many patients have low BMD even before initiating ADT [Daniell et al. 2000 ], making them especially vulnerable to the effects of ADT-associated bone loss. Overall, men with early PC face early challenges to bone health and may require bonedirected therapy to preserve BMD and reduce fracture risk.
Bone-modifying agents for advanced GU malignancies
Bisphosphonates are antiresorptive agents that block pathologic bone resorption by inhibiting osteoclast activation and function [Boyle et al. 2003; Rogers et al. 2000] , and have been the standard of care for maintaining bone health in patients with bone metastases from solid tumors and bone lesions from multiple myeloma for more than a decade [Aapro et al. 2008] . Bisphosphonate therapy interrupts the vicious cycle of increased osteolysis coupled with increased tumor growth, thereby preserving bone health and potentially delaying bone lesion progression [Mundy, 2002] . Several BPs have been evaluated in patients with bone metastases from GU malignancies [Donat et al. 2006; Ernst et al. 2003; Hatoum et al. 2008 Hatoum et al. , 2011 Hering et al. 2003; Lipton et al. 2002; Rodrigues et al. 2004; Saad, 2008; Saad et al. 2004] ; although both oral and intravenous BPs have shown palliative activity in these settings, zoledronic acid (ZOL) is the only BP to have demonstrated significant objective and durable benefits and to have received broad regulatory approval for preventing SREs in patients with bone metastases from castration-resistant PC (CRPC) or other GU cancers (e.g. RCC and bladder cancer) [Lipton et al. 2003; Saad et al. 2002 Saad et al. , 2004 Zaghloul et al. 2010] . Denosumab, a monoclonal antibody against the receptor activator of nuclear factor kappa-B ligand (RANKL), received regulatory approval in the United States in 2010 and in the European Union in July 2011 [Amgen Inc., 2011] for preventing SREs in patients with bone metastases from solid tumors, but not multiple myeloma [Amgen Inc., 2010] . Denosumab (at a lower dose and treatment frequency compared with advanced oncology settings) is also approved in the United States and the European Union to treat postmenopausal osteoporosis in women at high risk for fracture, and to treat bone loss associated with hormonal therapy for PC in men at high risk for fracture (defined as age >70 years, osteopenia, or history of osteoporotic fracture) [Amgen Europe B.V., 2010] . Although the mechanisms of action of denosumab and BPs are different, both classes of agents inhibit pathologic bone turnover, resulting in reduced skeletal morbidity.
In addition to their established role for preserving skeletal integrity in patients with malignant bone disease, bone-modifying agents also help preserve BMD and can reduce fracture risk during cancer treatment, most notably during ADT for PC [Bhoopalam et al. 2009; Casey et al. 2010; Greenspan et al. 2007; Israeli et al. 2007; Izumi et al. 2009; Planas et al. 2009; Ryan et al. 2006; Smith et al. 2001 Smith et al. , 2003 Smith et al. , 2009 Taxel et al. 2010] . Emerging evidence also suggests that bonemodifying agents may delay the progression of bone lesions and help delay the development of skeletal and other metastases [Lipton et al. 2003 Smith et al. 2012; Zaghloul et al. 2010] , potentially through making the bone microenvironment less conducive to tumor growth. The 'seed and soil' hypothesis provides an excellent theoretical framework for understanding the predilection of cancer cells for bone [Paget, 1889] , and describes the skeleton as providing a fertile 'soil' for the germination and growth of cancer 'seeds'. Circulating tumor cells (CTCs) may act as 'seeds' for subsequent recurrences in supportive 'soil', either at the primary tumor site (tumor 'self-seeding') or in distant sites (e.g. bone or visceral organs such as the liver) [Mundy, 2002; Norton and Massague, 2006] . It is also becoming evident that the bone marrow microenvironment can harbor CTCs (referred to as disseminated tumor cells [DTCs] when detected via bone marrow biopsy) and provide a secure niche allowing DTCs to survive for prolonged periods of time and evade the cytotoxic or proapoptotic effects of systemic anticancer therapies [Clines and Guise, 2008; Meads et al. 2008; Mundy, 2002; Shiozawa et al. 2008 ]. Furthermore, persistence of not only CTCs but also DTCs despite anticancer therapies has been associated with increased risks of recurrence and distant metastases in patients with PC [Anand et al. 2010; Berg et al. 2007; Danila et al. 2007 Danila et al. , 2010 Kollermann et al. 2008; Lee et al. 2009; Morgan et al. 2009; Olmos et al. 2009; Weckermann et al. 2009 ], further supporting the concept that manipulating the bone microenvironment to make it less supportive of DTC survival might provide a means to prevent or delay the development of overt metastases.
We discuss below current evidence supporting the use of ZOL in patients with advanced GU cancers to reduce the risk of SREs, and provide perspective on recent advances supporting a role for bone-directed therapies to delay disease progression in this setting.
Established benefits of bone-modifying agents in advanced GU malignancies

Castration-resistant prostate cancer
Zoledronic acid is the only BP that has demonstrated significant objective long-term (2-year) efficacy in patients with bone metastases from CRPC and has achieved widespread regulatory approval in this setting. Although the majority of current guidelines for BP therapy in PC clearly recommend ZOL, some may include other BPs, or even recommend BPs in general without any qualifications [British Association of Urological Surgeons, 2005; Heidenreich et al. 2009; National Comprehensive Cancer Network, 2009] . It is therefore important to distinguish between BP use to preserve BMD during ADT or palliate pain from PC bone metastases and BP therapy to reduce the risk of SREs in patients with advanced CRPC. Zoledronic acid is the only BP approved for the latter purpose, although several BPs have demonstrated palliative benefits in patients with bone metastases from PC (Table 1) [Donat et al. 2006; Ernst et al. 2003; Heidenreich et al. 2005; Hering et al. 2003; Rodrigues et al. 2004; Saad and Eastham, 2010a; Saad et al. 2004; Small et al. 2003 ].
In a 2-year, randomized, double-blind trial in patients with bone metastases from CRPC, ZOL (4 mg via 15-minute infusion every 3 weeks) significantly reduced the proportion of patients with an on-study SRE versus placebo (38% versus 49%; p = 0.028; in 122 patients who completed 24 months on study), delayed the median time to first SRE by almost 6 months (Figure 1a ) [Saad and Lipton, 2005] , and reduced the ongoing risk of SREs by 36% (p < 0.01) [Saad and Lipton, 2005] . Although not statistically significant, patients receiving ZOL had a 2.6-month improvement in overall survival (OS) compared with placebo (p = 0.103) [Saad and Lipton, 2005] . In analyses of the initial 15-month core phase of this trial (N = 643), ZOL (4 mg) not only reduced the risk of any SREs but also significantly reduced the incidence and delayed the onset of pathologic fracture, an SRE associated with high morbidity and increased mortality, versus placebo [Saad et al. 2007 ] (p = 0.020; Figure 1b ) [Saad and Lipton, 2005] . Moreover, benefits were seen early in the study; ZOL significantly decreased the proportion of patients with an SRE within the first 3 months compared with placebo [Lipton et al. 2002] .
In a phase III, head-to-head trial versus ZOL in patients with bone metastases from CRPC, denosumab demonstrated non-inferiority to ZOL for delaying the first on-study SRE (hazard ratio [HR] = 0.82; p = 0.0002) [Fizazi et al. 2011] . Denosumab also met the secondary endpoint of superiority for delaying the first on-study SRE versus ZOL (p = 0.008) [Fizazi et al. 2011] . These data formed the basis for the approval of denosumab for treating patients with bone metastases from CRPC [Amgen Inc., 2010] , thereby expanding the therapeutic repertoire in this setting.
In addition to classic bone-directed therapies, abiraterone acetate, an inhibitor of androgen biosynthesis, is showing promising signs for skeletal health benefits, most likely as a consequence of its effects on overall disease progression. In a phase III trial in 1195 men previously treated with docetaxel for CRPC, abiraterone acetate improved OS versus placebo (HR = 0.65; p < 0.001) [de Bono et al. 2011] . In other analyses from this trial, abiraterone acetate also prolonged the time to first on-study SRE versus placebo (p = 0.0006) [Logothetis et al. 2011] . Abiraterone acetate reduces androgen levels and is administered in combination with low-dose prednisone [de Bono et al. 2011] , two factors that increase the potential for BMD decreases during long-term therapy. Although the long-term effects of abiraterone acetate plus prednisone treatment on BMD are as yet unknown, it is possible that concurrent antiresorptive therapy might be needed in some patients. Longer follow up and future studies may provide insight into the possible requirements for combination therapies.
In addition to revealing the potential for SREreduction activity, the phase III trial of abiraterone acetate also provided important insights into the prognostic role of CTCs and the effects of treatment on CTC levels [Scher et al. 2011 ]. In patients with unfavorable CTC status at baseline (defined as ≥5 CTCs/7.5 ml blood), 48% of the abiraterone acetate-treated patients transitioned to favorable CTC status (<5 CTCs/7.5 ml blood) by week 12, compared with only 17% of placebo-treated patients (p < 0.0001) [Scher et al. 2011] . Conversion in CTC status versus baseline was predictive of OS as early as 4 weeks after initiating treatment, and appeared to be a promising predictive marker for OS in this trial [Scher et al. 2011] . A planned study in patients with bone metastases from prostate or renal cancers who are receiving ZOL treatment will further explore the prognostic value of CTCs and the potential effects of ZOL on CTC levels and persistence; registration of this protocol and initiation of patient accrual are expected in the near future.
Outcomes from this trial are expected to provide important insights into the value of CTC assessments in patients with advanced disease receiving bone-modifying therapies.
Renal cell carcinoma and bladder cancer
Little guidance has been published regarding the utility of bone-modifying agents in patients with RCC and bladder cancer. Nonetheless, current data support the use of BPs to prevent SREs and preserve quality of life and functional autonomy in patients with bone metastases. In the phase III trial of ZOL in patients with bone metastases from lung cancer and other solid tumors (N = 773; N = 507 excluding the ZOL 8-mg/4-mg arm), subsets of patients had RCC (n = 46) or bladder cancer (n = 26) [Lipton et al. 2003; Rosen et al. 2003 ]. Retrospective subset analyses showed that ZOL reduced the proportion of patients with 1 or more SREs and prolonged the time to first SRE compared with placebo in both the RCC and bladder cancer cohorts (Table 2) the time to first pathologic fracture compared with placebo among RCC patients (Table 2 ) [Abrahamsson et al. 2008; Lipton et al. 2003; Saad and Eastham, 2010b; Saad and Lipton, 2005; Zaghloul et al. 2010 ]. In the RCC subset from the ZOL pivotal trial (n = 46), treatment with 4 mg ZOL every 3 weeks significantly reduced the proportion of patients with on-study SREs (37% versus 74% with placebo; p = 0.015) [Lipton et al. 2003; Rosen et al. 2003 ]. This was accompanied by reductions in the skeletal morbidity rate (2.68 SREs/year with ZOL versus 3.38 SREs/year with placebo) and in the cumulative risk of developing SREs (61% risk reduction; p = 0.008) [Lipton et al. 2003; Rosen et al. 2003 ]. Furthermore, ZOL has been shown to reduce bone pain in an observational study in patients with malignant bone disease (N = 472) receiving monthly ZOL treatment for up to 24 months [Abrahamsson et al. 2008] . In this study, greater than 50% of patients with prostate cancer or RCC (combined n = 279) reported stable or reduced pain scores on the Visual Analog Scale (without increased analgesic usage) within 6 months of initiating ZOL treatment [Abrahamsson et al. 2008] .
Although the pivotal trial of ZOL predates the use of antiangiogenic therapies in RCC, observational studies of ZOL in combination with the newer treatment modalities for RCC have shown promising results. For example, a case report recently showed rapid reduction in metastatic bone lesions within 4-6 weeks and improvement in quality of life in a patient with RCC after receiving radiotherapy in combination with ZOL and sunitinib [Hird et al. 2008 ]. An additional case report on a patient with bone and visceral metastases from RCC revealed that combination therapy with ZOL plus interferon alpha reduced tumor size and prevented progression of metastases ]. Moreover, in a retrospective study of 23 patients with RCC, ZOL in combination with radiotherapy elicited a higher response rate (six patients versus one patient; p = 0.019), reduced the proportion of patients with an SRE (one patient versus 10 patients; p = 0.003), and prolonged SRE-free survival (not reached versus 18.7 months; p = 0.046) compared with radiotherapy alone [Kijima et al. 2009 ].
Similar to the situation with RCC, there is underappreciation of the importance of treating bone metastases in patients with bladder cancer and little published guidance for the use of BPs in this setting. As with RCC, ZOL has demonstrated SRE-reduction efficacy in patients with bone metastases from bladder cancer (Table 2 ) [Abrahamsson et al. 2008; Lipton et al. 2003; Saad and Eastham, 2010b; Saad and Lipton, 2005; Zaghloul et al. 2010 ]. Among the 773 patients enrolled in the phase III study of ZOL in lung cancer and other solid tumors, 26 patients had bone metastases from bladder cancer [Rosen et al. 2004] . Retrospective analysis of the subset of patients with advanced bladder cancer showed that ZOL reduced the risk of any SRE compared with placebo (33% versus 41%, respectively); however, small patient numbers precluded results from being statistically significant [Mulders et al. 2007 ]. The effect of ZOL on SREs has also been evaluated in a prospective, placebo-controlled, randomized study of ZOL in patients with bone metastases from bladder cancer (N = 40) [Zaghloul et al. 2010] . In this study, ZOL significantly reduced the mean number of SREs, overall SRE risk, and the proportion of patients with at least one SRE compared with placebo [Zaghloul et al. 2010 ]. In addition, ZOL reduced mean pain scores compared with placebo. Treatment with ZOL versus placebo also prolonged not only SREfree survival (Figure 2a ), but also OS (Figure 2b) , suggesting a possible anticancer benefit with ZOL [Zaghloul et al. 2010] . Immunotherapy is used in both RCC and bladder cancer [Babjuk et al. 2011; Molina and Motzer, 2011] , and the immunomodulatory effects of ZOL (especially activation of gamma-delta T cells) [Naoe et al. 2010] might prove beneficial in these settings.
As with the phase III trial of ZOL in patients with aggressive solid tumors, the phase III trial of denosumab versus ZOL in patients with multiple myeloma or bone metastases from solid tumors other than breast and prostate cancers included small numbers of patients with RCC (n = 155) and bladder cancer (n = 63) [Henry et al. 2011] . Denosumab was noninferior to ZOL for reducing the risk of SREs in the overall trial population [Henry et al. 2011] ; however, specific subset data in patients with GU malignancies are yet to be reported.
Safety and tolerability of antiresorptive agents in patients with advanced GU cancers
Zoledronic acid
In phase III trials in patients with CRPC or RCC, ZOL was generally well tolerated compared with placebo [Lipton et al. 2003; Saad et al. 2004 ]. In the CRPC trial, the most frequent adverse events (AEs) reported with ZOL were fatigue, anemia, myalgia, and fever ( Figure 3) [Parker, 2005] . The AE profile of ZOL in patients with RCC was similar: bone pain, pyrexia, and arthralgia were among the most frequently reported AEs in the ZOL and placebo groups [Lipton et al. 2003 ].
All intravenous BPs are associated with dose-and infusion-rate-dependent effects on renal function.
In the phase III trials of ZOL, the original 5-minute infusion in a 50-ml volume was amended to an infusion over at least 15 minutes in a 100-ml volume to ensure renal safety [Rosen et al. 2004 ]. The prescribing information for ZOL also includes guidelines for renal function monitoring and dose adjustment for baseline renal impairment in patients initiating ZOL treatment [Novartis Pharmaceuticals Corporation, 2011] . These dose adjustments are designed to maintain overall drug exposure to ZOL, as renal impairment slows the clearance rate of ZOL. Because GU malignancies, especially CRPC, are most common in elderly patients, in whom renal impairment is common, renal safety is an important consideration [Aapro and Launay-Vacher, 2011] . It has become evident that renal impairment (renal function outside normal boundaries) and renal insufficiency (more severe renal impairment) are common among patients with advanced cancers. In the Renal Insufficiency and Anticancer Medications (IRMA) study (N = 4684 patients with solid tumors including breast, colorectal, lung, ovarian, and prostate cancers), more than half of all patients had some level of abnormal renal function or renal insufficiency [Launay-Vacher et al. 2007 ]. In subset analyses by cancer type, approximately 63% of patients with PC (n = 222) had renal insufficiency, and 83% of 228 anticancer drug prescriptions required dose adjustments based on renal function [Launay-Vacher et al. 2009a ]. In other subgroup analyses, 65% of all elderly patients enrolled in the IRMA study (n = 1553) had renal insufficiency, and the incidence of renal insufficiency increased with age [Launay-Vacher et al. 2009b ]. Thus, adherence to the prescribing guidelines for ZOL is important to ensure renal tolerability, especially in patients at increased risk for renal impairment because of polypharmacy and age. In clinical practice, consistent use of these monitoring and dosing guidelines helps optimize patient safety during treatment with BPs and other agents.
Osteonecrosis of the jaw (ONJ) is an uncommon AE of multifactorial etiology, which has been described in patients with advanced cancer receiving complex treatment regimens including bonemodifying agents [Fizazi et al. 2011; Henry et al. 2011; Hoff et al. 2008] . As our understanding of the risk factors and course of ONJ has evolved, it is now evident that prophylactic dental care can reduce the risk of ONJ [Ripamonti et al. 2009] and that the majority of ONJ cases resolve with conservative treatment. 
Denosumab
In the phase III head-to-head trials versus ZOL in patients with solid tumors other than breast cancer, rates of renal AEs were similar in the denosumab and ZOL treatment arms [Fizazi et al. 2011; Henry et al. 2011 ]. The incidence of ONJ was low in both treatment arms (2% with denosumab versus 1% with ZOL, p = 0.09, in the CRPC trial; 1.1% with denosumab versus 1.3% with ZOL, p = 1.00, in the trial in patients with multiple myeloma or bone metastases from solid tumors other than breast and prostate cancers) [Fizazi et al. 2011; Henry et al. 2011] . Compared with ZOL, denosumab was associated with fewer acute-phase reactions (approximately half the rate compared with ZOL) and increased incidence of hypocalcemia (~2× higher rates than with ZOL) in these trials [Fizazi et al. 2011; Henry et al. 2011 ]. The key safety data from these trials are summarized in The phase III trials comparing denosumab with ZOL in patients with bone metastases excluded patients with severe renal impairment (per the ZOL prescribing information); therefore, the safety of denosumab in patients with severe renal impairment is unknown. However, earlier phase II studies with different doses of denosumab indicated increased potential for severe hypocalcemia in patients with renal impairment [Amgen Inc., 2010], suggesting that additional trials are necessary before denosumab can be recommended in patients with severe renal impairment. Indeed, current prescribing information for denosumab highlights this potential issue [Amgen Inc., 2010], and recommends monitoring serum calcium levels in addition to calcium and vitamin D supplementation in patients receiving denosumab therapy. However, the prescribing information for denosumab does not specify the frequency or timing of serum calcium monitoring relative to administration of the antiresorptive. In the absence of clearly defined monitoring protocols for these patients, the onus is on the treating physician to devise and implement such monitoring protocols to ensure patients' safety [Aapro and Launay-Vacher, 2011] .
Antiresorptive therapy: a transient intervention or long-term treatment?
Phase III trials of antiresorptive agents have typically treated patients for 2 years or less on study [Saad et al. 2004] , resulting in a paucity of long-term efficacy and safety data. As treatment options in GU malignancies evolve, OS continues to improve, even for patients with bone metastases. As a result, physicians are faced with the choice of stopping bone-directed therapy after a finite length of time, or continuously treating their patients for as long as the therapy is tolerated. Current treatment guidelines provide little guidance on this aspect [British Association of Urological Surgeons, 2005; Heidenreich et al. 2009 ]. However, retrospective database analyses have demonstrated increasing SRE-and fracturereduction benefits with longer treatment persistency. For example, in a mixed population of patients with bone metastases from solid tumors, ZOL treatment for any duration reduced the incidence of SREs compared with no bonemodifying therapy; however, persistence with ZOL for longer than 12 months was associated with a substantially greater reduction in SRE rate compared with ZOL treatment for 1-3 months (Figure 4) [Hatoum et al. 2008] .
A second database analysis evaluated patients with bone metastases from PC who received ZOL 'early' (i.e. before their first SRE) or 'late' (i.e. after one or more SREs had occurred) [Hatoum et al. 2011] . In this analysis, late initiation of ZOL after SRE incidence was associated with a 1.5-fold increased risk of a subsequent SRE compared with early ZOL treatment [Hatoum et al. 2011 ]. Furthermore, longer persistency with ZOL was associated with increasing benefits in this population [Hatoum et al. 2011 ], similar to the effects observed in the larger population of patients with bone metastases from solid tumors [Hatoum et al. 2008] .
Antiresorptive agents and benefits beyond bone health
Preclinical and translational data suggest potential anticancer activity of bisphosphonates Bone-modifying agents can alter the bone microenvironment and may thereby disrupt interactions between PC cells and bone that are central to metastatic tumor formation [Josson et al. 2010; Mundy, 2002; Rucci and Teti, 2010] . In a preclinical model, orchiectomy was associated with elevated rates of bone loss and PC metastasis to bone [Padalecki et al. 2002] , both of which were reversed by ZOL treatment [Padalecki et al. 2002] . Bisphosphonates may also inhibit disease progression by stimulating innate antitumor immune mechanisms such as γδ T cells, which are activated by phosphoantigens and signaling intermediates often overexpressed in cancer cells [Clezardin and Massaia, 2010] . Nitrogencontaining BPs such as ZOL block the mevalonate biosynthesis pathway in target cells, resulting in phosphoantigen accumulation and associated effects on γδ T-cell activity [Clezardin and Massaia, 2010] . For example, in patients with PC, ZOL treatment elicited a long-term shift of peripheral γδ cells toward an activated effector memory-like state associated with improved immune surveillance against transformed or malignant cells [Dieli et al. 2007; Naoe et al. 2010 ]. In addition, preclinical studies suggest that BPs may also have direct anticancer activity (e.g. induction of cancer cell apoptosis) and synergy with cytotoxic chemotherapy, and effects are especially profound for ZOL [Boissier et al. 2000; Clyburn et al. 2010; Coxon et al. 2004 ; Facchini Preclinical studies in models of other GU cancers have also shown that BPs (especially ZOL) can inhibit overall tumor progression, proliferation, invasion, and angiogenesis; activate immune response against cancer cells; promote apoptosis; and produce synergistic anticancer effects with cytotoxic agents [Guise, 2008; Soltau et al. 2008; Ullen et al. 2009; Yuasa et al. 2009 ]. The observed antiangiogenic effect of ZOL is especially intriguing given the extensive vascularization characteristic of RCC and the success of antiangiogenic therapies to treat metastatic RCC [Choueiri et al. 2010] , and merits further investigation.
Clinical evidence for using antiresorptive agents to delay disease progression
Early trials of clodronate, an oral BP, in patients with hormone-sensitive PC yielded provocative data suggesting an effect on the disease course. Two studies evaluated the effect of clodronate on skeletal health and OS in men receiving hormonal therapy for stage M0 (localized disease; N = 508) or M1 (bone metastases; N = 311) PC [Dearnaley et al. 2009a ]. In long-term follow up, clodronate significantly improved OS in men with M1 disease beginning hormonal therapy (HR = 0.77; p = 0.032), but not in men with M0 disease (HR = 1.12; p = 0.94) [Dearnaley et al. 2009a] . Moreover, in the phase III placebo-controlled trial of ZOL for reducing the risk of SREs in men with bone metastases from CRPC, ZOL produced a trend toward improved OS (median survival 546 days versus 469 with placebo; p = 0.103) [Saad, 2008] .
Similar to the data in CRPC, retrospective analyses of the RCC subset from the phase III trial of ZOL in patients with lung cancer or other solid tumors showed that ZOL significantly extended time to disease progression (586 versus 89 days; p = 0.014) [Saad and Lipton, 2005] and demonstrated a trend toward prolonged OS (347 versus 216 days; p = 0.104) compared with placebo [Lipton et al. 2004; Saad, 2008; Saad and Lipton, 2005] . Moreover, in a prospective, placebocontrolled trial in patients with bone metastases from bladder cancer (N = 40), ZOL (4 mg intravenously monthly for 6 months) significantly increased the 1-year survival rate (36.3 ± 11.2% versus 0% for placebo; p = 0.004; median survival not reported) compared with placebo [Zaghloul et al. 2010] , further supporting potential beneficial effects of ZOL on disease progression in advanced GU malignancies.
Exploratory analyses from phase III placebo-controlled trials of zoledronic acid suggest additional benefits in patients with elevated levels of bone turnover markers Biochemical markers of bone turnover reflect the ongoing dynamics of bone remodeling, and include peptides (e.g. N-telopeptide of type I collagen [NTX]) and enzymes (e.g. bone-specific alkaline phosphatase) that are highly specific to bone. These markers are released during bone remodeling into serum and secreted in urine, and can thereby be assessed using noninvasive methodology. In retrospective exploratory analyses of the databases from phase III trials comparing ZOL versus placebo in patients with bone metastases from CRPC or other solid tumors, elevated bone marker levels (at baseline or during BP treatment) were associated with increased risk of SREs and reduced survival [Brown et al. 2005; Coleman et al. 2005; Cook et al. 2006; Smith et al. 2007 ]. In addition, pilot trials suggest potential associations between elevated bone marker levels and increased risks of disease recurrence or progression [Costa et al. 2009; Noguchi et al. 2003 ], supporting the hypothesis that normalization of elevated bone turnover might correlate with better disease outcomes. Indeed, in exploratory analyses of data from the phase III trial of ZOL versus placebo in patients with bone metastases from CRPC (N = 314), 70% of ZOL-treated patients who had elevated baseline NTX (≥64 nmol/mmol creatinine; n = 193) normalized their NTX levels within 3 months, compared with only 8% in the placebo group. In these analyses, normalization of NTX levels was associated with 59% decrease in the risk of death (p < 0.0001) compared with persistently elevated NTX levels , and any decrease in NTX over the first 3 months was associated with a corresponding improvement in survival . Interestingly, further retrospective analyses of the phase III trial database of ZOL showed that patients with aggressive bone disease (defined by markedly elevated NTX levels ≥100 nmol/ mmol creatinine) at baseline elicited an OS benefit from ZOL treatment [Body et al. 2009 ]. Interestingly, although SREs (especially pathologic fractures) are associated with increased mortality [Saad et al. 2007] , the OS benefit with ZOL in this patient subset was maintained in analyses adjusting for SRE incidence [Body et al. 2009 ], thereby suggesting a true effect on the course of the underlying disease.
Exploratory analyses in patients with bone metastases from RCC showed very similar results to the CRPC analyses described above. Patients with bone metastases from RCC and elevated (≥64 nmol/mmol creatinine) NTX on study had an increased risk of death (HR = 13.370; p = 0.0001), bone disease progression (HR = 11.137; p = 0.0087), first pathologic fracture (HR = 7.650; p = 0.0217), and any pathologic fracture (HR = 5.085; p = 0.0031) compared with patients with normal baseline NTX levels [Brown et al. 2009 ]. Normalization of elevated baseline NTX levels within 3 months of ZOL therapy was also associated with a reduced risk of death compared with persistently elevated NTX in patients with solid tumors (including RCC and bladder cancer) .
To date, the placebo-controlled trials of ZOL have provided a wealth of correlative data exploring the relationship between bone turnover levels and disease outcomes. The recent head-to-head trial comparing denosumab versus ZOL has also collected bone marker data prospectively [Fizazi et al. 2011; Henry et al. 2011] . Further analyses of those data will provide insights into the general applicability of the correlations observed in ZOLtreated patients.
Ongoing trials are evaluating the potential for BPs and other bone-modifying agents to delay or prevent prostate cancer progression (Table 4 ) [Dearnaley et al. 2009b; Smith et al. 2012; US National Institutes of Health, 2009 , 2011b . Results from the trials evaluating ZOL are awaited, and the phase III trial evaluating the role of denosumab in prolonging time to bone metastases in patients with CRPC (N = 1432) has recently reported improvement in bone-metastasis-free survival by 4.2 months (HR = 0.85; p = 0.028) versus placebo [Smith et al. 2012] . This delay in the development of bone metastases was, however, not accompanied by significant improvements in overall progression-free survival (HR=0.89; p=0.09) or OS (HR = 1.01; p = 0.91) [Smith et al. 2012 ], suggesting that modulating the bone microenvironment might not, in itself, be sufficient to delay PC progression. Denosumab appeared to be well tolerated overall, although increased rates of ONJ (5% overall in the denosumab arm versus none in the placebo arm) [Smith et al. 2012 ] are a substantial concern in this group of patients, few of whom had received prior chemotherapy. Additional details from this trial are awaited, including extraskeletal disease progression and patient exposure to denosumab (the trial was initiated with 60 mg denosumab dosed every 4 weeks, and later increased to 120 mg every 4 weeks) [Smith et al. 2012; US National Institutes of Health, 2011a] . Nonetheless, these promising results from the denosumab trial have increased interest in outcomes from ongoing trials of antiresorptive agents such as ZOL (which may combine anticancer effects on PC cells with its ability to modify the bone microenvironment).
Conclusions
Preserving bone health is an important consideration in the management of patients with advanced GU malignancies. This need is further highlighted in PC, wherein anticancer treatments and patient age can further exacerbate challenges to skeletal health. For nearly a decade, ZOL has been the mainstay of treatment to reduce the risk of SREs in patients with bone metastases from GU cancers, and has shown promise for preserving BMD during anticancer therapy. A wealth of clinical experience underscores the practical benefits and tolerability of ZOL in advanced oncology. Moreover, clinical studies suggest a possible beneficial effect of ZOL on disease progression, which awaits confirmation in ongoing trials. Recently, the approval of denosumab for the treatment of bone metastases from solid tumors has provided an additional option for antiresorptive therapy in advanced GU cancers, and newly approved anticancer agents may also exert beneficial effects on bone. Overall, the division between anticancer and bone-directed (supportive care) agents is now blurring, and ongoing studies are expected to further expand the therapeutic repertoire in GU cancers. Coleman, R.E., Major, P., Lipton, A., Brown, J.E., Lee, K.A., Smith, M. et al. (2005) 
